The aim of this study was to investigate the influence of the nitric oxide/nitric oxide synthase (NO/NOS) system on the release of endothelin-1 (ET-1) in human endometrial cells. Human endometrial stromal cells in secretory phase were incubated for 72 h in serum-free RPMI 1640 medium in the absence or presence of different concentrations of interleukin-1b (IL-1b) and N G -monomethyl-L-arginine (LNMMA), a specific competitive inhibitor of NOS. ET-1 released from the cultured cells into the medium was determined by specific RIA. In all the experiments at various times, IL-1b significantly increased the release of ET-1. LNMMA significantly attenuated the release of ET-1 when the cells were cultured with both IL-1b and LNMMA, but LNMMA alone had no effect on ET-1 release. These results suggest that the NO/NOS system in human endometrium is involved in the regulation of ET-1 release via IL-1b secretion. It can also be inferred that NO and ET-1 control the functions of endometrium in close association with IL-1b.
Introduction
It has been demonstrated that vascular endothelial cells are able to synthesize nitric oxide (NO) from L-arginine by the catalytic action of NO synthase (NOS) (1) . Recently, the existence of this biochemical pathway in many other kinds of cells has been thoroughly documented and its relevance in biology is becoming clear (2) . In addition to its vasodilating activity, NO is reported to play a vital role in the female reproductive system. This novel multifunctional free radical has been found to be involved in modulation of ovarian (3) and uterine (4) function. In particular, the ovarian NO/NOS system seems to play an important role in the regulation of ovulation (3) and in the suppression of steroidogenesis in granulosa cells (5, 6) . This inorganic free radical gas is synthesized by a family of at least three isoenzymes in mammalian cells: the calcium-dependent constitutive isoform present in the neurons of the central and peripheral nervous system (nNOS) (7), the constitutive endothelial isoform (eNOS) (8) and the calcium-independent inducible isoform (iNOS). iNOS is induced by bacterial lipopolysaccharide and certain cytokines in a number of cell types including macrophages (9) , ovarian cells (10), hepatocytes (11) and vascular smooth muscle cells (12) .
Endothelin (ET) was originally isolated from the supernatant of cultured porcine vascular endothelial cells (13) , and is a potent and long-lasting vasoconstricting peptide made up of 21 amino acids.
The human ET family is composed of three isopeptides, ET-1, ET-2 and ET-3 (14) . Specific receptors for ET and mRNA for prepro-ET-1, the precursor of ET-1, are widely distributed in a variety of human tissues (15, 16) , suggesting that ET-1 has multiple physiological functions, not only in the cardiovascular system but also in non-vascular systems. Many reports have suggested that ET-1 has a functional role in the female reproductive system (17) , particularly in the human endometrium (18) . However, no studies of the relation between the NO/NOS system and ET-1 secretion in the endometrium have so far been reported as far as we know.
The role of interleukin-1b (IL-1b) in human endometrium is a subject of intense interest at present. IL-1b, which induces iNOS, is reported to control the functional differentiation of human endometrial stromal cells (19) . The present study was undertaken to investigate the possible role of the NO/NOS system as a local regulator of the release of ET-1 from human endometrial stromal cells. 
Tissue samples
Human endometrial tissues in the secretory phase were obtained from 16 patients (age range 40-49 years; mean age 45.0 Ϯ1.0 years) undergoing hysterectomy because of benign uterus disease, including myoma uteri and exogenous endometriosis. With the informed consent of each woman, all of the sampling and use of these tissues for this study were approved by the ethical committee of the Tokyo Medical and Dental University Hospital, Japan. The estimated day of the cycle was normalized to an idealized 28-day interval using: (i) the women's menstrual history; (ii) histological examination of the endometrium; (iii) plasma concentration of progesterone. All patients had received no hormone treatment in the three months before surgery, and were otherwise healthy. With scissors and pincette, endometrial tissue was scraped from the uterus immediately after hysterectomy, thoroughly washed with physiological saline, then placed in RPMI 1640 medium without FBS, and taken quickly to the laboratory.
Cell culture
The specimens were cut into multiple blocks from which blood clots and capillaries were eliminated. By the use of methods described previously (20) , these specimens were enzymatically dispersed with collagenase (2 mg/ml) and DNase (50 mg/ml). Endometrial stromal cells were filtered and separated from epithelial cells by using a steel mesh (38 mm). The cells were suspended in RPMI 1640 medium containing 10% FBS and antibiotics. The number of viable endometrial cells was counted by the dye exclusion method using 0.4% trypan blue. The viable cells were then inoculated into two 24-well culture plates at a density of 1×10 6 /well and preincubated for 72 h in a humidified 37 ЊC atmosphere of 5% carbon dioxide/95% air (21) . On the day of the experiment, microscopic inspection revealed that almost all of the culture cells were stromal/fibroblast-like in appearance, without epithelial cell contamination. These results were immunocytochemically confirmed by staining with anti-vimentin and anti-cytokeratin. The medium was changed, and then 24 wells of the cells were divided into four groups. (1) In the first six wells, the cells were incubated in serum-free RPMI 1640 medium as control. (2) The second six wells of cells were incubated with a final concentration of 10 ng/ml IL-1b in the same medium. (3) The final concentration of IL-1b in the third six wells was 100 ng/ml. (4) The last six wells of cells were cultured with 100 ng/ml IL-1b and 1.0 mM LNMMA, a competitive inhibitor of NOS. All the groups were incubated for 72 h. The medium was changed every 24 h, centrifuged and stored frozen until assayed. At the end of the culture period, the endometrial cells were washed twice with D-PBS, and then frozen at ¹20 ЊC until protein assay.
Another cell culture was produced to evaluate the effect of LNMMA on ET-1 release without IL-1b after 72 h of preincubation. The endometrial stromal cells were incubated with LNMMA (0.01-1.0 mM) alone for 24 h under the same conditions. At the end of the culture period, the medium was removed and stored frozen until assayed for hormone.
RIA of ET-1
ET-1 in the culture medium was measured by RIA using 125 I-ET-1 as a tracer and synthetic ET-1 as a standard, as reported previously (17, 22) . ET-1 was obtained from Peptide Institute Inc. (Osaka, Japan) and 125 I-ET-1 (specific activity 74 TBq/mmol) from Amersham Japan (Tokyo, Japan). The antibody employed in the RIA (17) demonstrated 100% cross-reactivity with ET-1, ET-2 and ET-3, but less than 1% with big-ET-1. The final dilution of the antibody was 1:12 000; the sensitivity was 1 mol/tube and the 50% intercept was 14 fmol/ tube. The coefficients of intra-assay and interassay variability were 3.2 and 8.6% respectively.
Bio-Rad protein assay
The protein content of the endometrial cells in each well was measured by the Bio-Rad protein assay (Bio-Rad Laboratories, Hercules, CA, USA), as reported previously (23) . Human albumin (Sigma Chemical Co.) was used for preparation of a standard curve. Finally, the protein content was assayed using a spectrophotometer by the standard procedure.
Statistics
Data are expressed as the mean Ϯ S.D. for groups consisting of six wells. ANOVA was used to determine the statistical significance of the differences, with P < 0.05 being considered as statistically significant. The experiment was repeated three times to ensure reproducibility of the results, and one representative result is presented in each figure.
Results

Effect of IL-1b and LNMMA on ET-1 release
During the first, second and third 24 h culture, IL-1b (10-100 ng/ml) significantly (P < 0.0001) increased the release of ET-1 from the cultured endometrial stromal cells: 100 ng/ml IL-1b enhanced ET-1 release by 52.0 Ϯ 31.0% in the first (Fig. 1A) , by 89.5 Ϯ 17.9% in the second (Fig. 1B) , and by 286.1 Ϯ 28.8% in the third (Fig. 1C) 24 h culture. In contrast, the level of ET-1 significantly (P < 0.01) decreased when the cells were incubated simultaneously with 100 ng/ml IL-1b and 1.0 mM LNMMA compared with that with 100 ng/ml IL-1b alone. Therefore LNMMA significantly (P < 0.01) attenuated the release of ET-1 from IL-1b-stimulated endometrial cells during the 72 h culture (Table 1) : 1 mM LNMMA decreased ET-1 release by 22.4 Ϯ 6.3% in the first (Fig. 1A) , by 14.7 Ϯ 10.3% in the second (Fig. 1B) , and by 24.6 Ϯ 10.3% in the third (Fig. 1C) 24 h culture from the IL-1b (100 ng/ml)-stimulated cells.
The effect of LNMMA alone on ET-1 release is shown in Table 2 . Without the co-effect of IL-1b, LNMMA had no significant effect.
Effect of IL-1b and LNMMA on cell proliferation
Bio-Rad protein assay of the endometrial stromal cells (Table 3) showed no significant change in protein concentration among the four groups after 72 h of culture. Therefore neither IL-1b nor LNMMA had any significant effect on proliferation of human endometrial stromal cells.
Discussion
The discovery of the NO/NOS system has opened up a new field of research on the female reproductive system, particularly the endometrium. NOS activity has been reported to be present in the endometrium of nonpregnant sheep (24) . Recently, Telfer et al. (25) demonstrated the presence of eNOS mRNA and protein in human endometrium and myometrium using in situ hybridization and immunocytochemistry. Recent work has shown that human endometrial glandular cells express eNOS mRNA throughout the menstrual cycle, while the expression of iNOS mRNA is confined to epithelial glands isolated from menstrual endometrium (26) . iNOS-like immunoreactivity was also demonstrated in glandular epithelial cells, but eNOS and iNOS could not be detected in human endometrial stromal cells by immunocytochemical methods (27) . On the other hand, although several studies have focused on the effect of ET on NO production in glomerular mesangial cells (28, 29) and vascular smooth muscle EUROPEAN JOURNAL OF ENDOCRINOLOGY (1998) 138 Figure 1 Effect of IL-1b and LNMMA on ET-1 release from cultured human endometrial stromal cells in the first (A), second (B) and third (C) 24 h culture. Cells were incubated with or without IL-1b in the absence or presence of LNMMA at 37 ЊC in RPMI 1640 medium without fetal bovine serum. Each value represents the mean Ϯ S.D. for groups of six wells. IL-1b significantly stimulated ET-1 release, and LNMMA significantly attenuated the release of ET-1 from IL-1b-stimulated endometrial stromal cells. *P < 0.0001, **P < 0.005, ***P < 0.01. cells (30) , the effect of NO on the release of ET from human endometrium remains to be investigated. In this study, we try to demonstrate the interaction between the NO/NOS system and the control of ET release, and investigate the role of NO as a potential mediator of ET release from human endometrial stromal cells in vitro.
NOS induced by IL-1b increases ET release from endometrial cells 469
IL-1b
The data reveal that IL-1b significantly stimulated ET-1 release from cultured human endometrial stromal cells in 72 h cultures, which is consistent with the report by Economos et al. (18) . Furthermore, LNMMA, a competitive inhibitor of NOS, significantly attenuated the release of ET-1 from IL-1b-stimulated endometrial cells, and a direct effect of LNMMA could be excluded because LNMMA alone did not affect the ET release. We previously reported that LNMMA significantly decreased nitrite production in a 24 h cell culture system (6) . Therefore these results imply that NOS probably induced by IL-1b has some positive effects on the release of ET-1 from endometrial stromal cells, and that the NO/NOS system is involved in the control of endometrial function in association with the physiological activity of ET. Another possibility is that IL-1b suppresses apoptosis in several cells by increasing NO generation (31) .
It has been reported that human endometrial cells synthesize and release ET-1 throughout the normal menstrual cycle, and that mRNAs for prepro-ET-1, ETA and ETB receptor have been identified in the human endometrium (18, 21) . These findings suggest that ET may have a potential autocrine and/or paracrine function in human endometrial cells. In the present study, we demonstrate that the NO/NOS system has a role in the control of ET secretion via the action of cytokines. As macrophages are present in the endometrium and in blood vessels, IL-1b produced by macrophages may activate iNOS in human endometrium. Although the physiological function of ET in human endometrial cells has not been clarified, Economos et al. (18) have recently reported the biological roles of ET in human endometrium. ET may have a physiological role in the autocrine/paracrine regulation of uterine blood flow by causing contraction of endometrial blood vessels and uterine muscle during menstruation, re-epithelization via cell proliferation in the proliferative phase, and production of glandular epithelium in human endometrium involved in blastocyst apposition/implantation. The finding that NOS activity has a close relation to the control of ET release in human endometrium suggests that the NO/ NOS system may play an important role in the local regulation of uterine function.
In conclusion, we have shown that an intimate relation exists between the release of ET and NOS activity, and that IL-1b may influence the release of ET from human endometrial cells through the involvement of the NO/NOS system in addition to having a direct effect. Therefore it is likely that NO production by iNOS is important in endometrial function, and is closely related to IL-1b activity in human endometrium. We suggest that the cooperative biological effects between NO and ET may contribute to the regulation of human uterine blood flow, uterine contractility and probably several other physiological actions. 
